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LASER SHOCK WAVE SIMULATION OF TWO-DIMENSIONAL NUCLEAR SHOCK WAVES
M.D. Wilke, S.N. Stone, G.E. Barasch

(Los Alamos National Laboratory)

We will describe results from experiments that used shock waves
generated by a high-power laser to simulate multi-dimensional nuclear
shocks. The shocks were produced in 50 torr air by irradiating hollow
plastic shell targets with 30J, 300 ps Nd-glass lazer pulszes. VWe first
investigated the individual near--zpherical shocks to determine over what
range the shock radius, R_, obeyed the Taylor-vou-Neumann-Sedov expansion

s
2/5

law, Rsut .« The relationshiy was found to hold vor 0.9 em:- R < 2.0

s_'.
em. We al=o modeled the shocks with the nuclear effectz code RADFLO and
found good agreemeiit betweel, calculation and data for ns vs t and alszo gas
and electron dencities determined from two-wavelength interferograms of the
shock wave:, Based oii our understandiiig of the individual shocks we next
designed two experiment: to lnvestigate two-dimencional shock waves. The
fir:ct experiment consisted of reflecting a spherical shock off 8 plastic
block surpended 0.9 em Abave the target.. Tn the zeconi experiment, twn
ideritical spherical shocks were simultain~ously generated : 1.9 cm apart aud
allowed to cnllirde, The reflected thock: were campared through scaling laws
to the Teapot/Met shock wave generated from a 22KT nuclear explosion 1274
above the grouid. The mach structure: were found to Le rimilar., We then
modeled the reflecting and interacting zhocks with a two-dimensional
effects code usiug the one-dimencionnl RADFL) output to start the problem,
Calculaticn and data for Mach angler and triple point propagation were

found to be 11: good agreement,



INTRODUCTION

Studies of the interactions of strong planar shock waves with their own
reflections or a second shock wave have been conducted for some time using
shock tubes. The only existing data for strong spherical shock wave
interactions are from nuclear shocks reflected from ground planes. By
strong spherical shock waves we mean those where the spherical -hock wave

2/H

radius, Ra' obeys the Taylor-Van Neurnann-Sedov1 relation Rsat where t is

the time from shock initiation, Studies of spherical shoclk wave
interactions have been conducted using high explosives.2 however the
~omparatively low ratio of the yield to the =ource-mass and the large
volume over which the eiiergy iz releazed, severely limit the time during

which the R_at2/% relation holds.

3

Tt has beenrn know: for some time’ tha’ focured latser breakdown of gacre:
at near-atmospheric pressures or irradiation of targets in low prescure
gates will produce =trong near-spherical shock waves. By including the
eiiergy dependence in the Taylor-von Neumann-Sedov relation and comparing it
with radii versur time measurements, 1t is also poscible to estimate the
lazer-target couplilig efflciency.u's
In the experiments deseribed here we used laser generated shock waver
to simulate =pherical nuclear shock wave interactions for comparison to a

scaled nuclear event and for compari=on to nuclear effects camputer codn

calculations,



EXPERIMENTAL PROCEDURE

Figure 1 is a schematic of a double shock wave experiment and the
diagnostic layout. The details are described elseuhere.6 A two-beam
Nd:glass laser was used to irradiate the targets with up to "OJ per beam in
300 ps pulses., The 8.6 cm beam:s were focused to 100 pM spocta with v f/71
aspheric lenses. The 3.4 ;g hollow plastic shell targets were 500 UM in
diameter with U4 M thick walls and were supported by 10 yM glass stalks.

The diagnostics included a two-wavelength holographic ruby-laser
interferometer, a shadowgraphy came¢ra, an emicsion framing camera, a gated
microchannel plate i1mage-intensifying (HCPIz) camera, and a vacuum
bi-planar photodiode. The ruby lacer included a doubli:.g crystal to
produce light at 347.2 nm ac well as 694,3 um., The interferometer was
operated in the two wavelenigth mode without the shadowgraphy system or in
the =ingle 694.3 un wavelength mode with the shadowpraphy system by
itiverting the blu2 reflecting red transmitting mirrors M1 and M2, 0ne
29 n= interferogram was expnsed per shot, per wavelenigth., The fringe
shift-ve-pocition 1:farmation from the interferngrams wa: Abel inverted to
abtain 1ndex of refraction=ve=radius 4nta. The sets of data from
1nterferogram: made at two wavelelgth: were usid to unfold elactron and gas
dentity profile: o The debnil:s: of the uilfoldiug have been reparted
el:ﬂuhnre.7

The clecticrntatie emi:rion framing camera producsd ten, 10 e eaxporures

hl
50 ns apart and the MCPT camera gave a single Y4 nr exposure with good



spatial resvlution but large timing Jitter. The shadowgraphy camera was
framed at 1 frame-per- s and gave 2790 ns exposures. The emission cameras
were useful from O<t<1 = when the shocks were luminous. The shadowgraphy
and interferometer systems were used during 400 ns<t<30 pys.

The majority of the experiments were conducted with the target chamber
air pressure at 50 torr and a few experiments were conducted with 1 torr
chamber pressure, There was a small amount of laser induced air breakdown
next to the targets in the 50 torr experiments. The air breakdown and
asymmetric target illumination led to initially aspherical shock waves as
shown: in the HCPI2 photograph in Fig. 2. The 50 torr shocks became
cpherical by 1 ,=. Because of the asymumetry, the 50 torr shock centercs
were displaced . 0.15 cm toward the Nd:lacer beam from the target position.
There wa: 1o apparent laser induced air breakdow. at 1 torr and therefore
the 1 torr shocky were initially very spherical and remained cenriered on
the target. The 50 torr data were preferred in these experiments hecause
50 torr shocks produced better chadowgram:z and interferograms throughout
the shock wave development.,

The radil1 from the emircini photagraphrs were obtained by taking
one=half the larpgest dirtance acrass the emitting region perpendicular to
the Nd:larer beam (:ee Fig. ?), Therefare the lobed region: in
Fig. @ were iguored, Radil from the shadawgraphs and intertferograms; were
measured from the shock r~enter,

The interferogram radii could be meatured with the mnst accuracy,
However, only ane interferogram was obtained at each wavelength per chot..
We therefore Look 1tnterferogram: of :~veral shots at a coustant, delay tLime

while varying the Nd:glas: larer encergy, E from shot to shat over the

range hJ-ElziﬂJ. We found that we could very accurately fit the meanured



shock radii, Rs' versus EL by using EL=aR,b. Once the a and b were
determined for a given delay time, we could interpolate an R5 for a chosen

EL. We also applied this technique to the HCPI2 data, however, MCPI2

trigger jitter resulted in puor fits to the measured

E -vs—Rs roints,

L



RESULTS

ONE DIMENSIONAL (1-d) EXPERIMENTS

We first examined the properties of individual shock waves to determine

2/5 and to determine how well we could numerically

over what range Rsat
calculate the other measured shock properties (i.e. electron and gas
densities, and optizal power versus rLime). Figure 3 is a plot of Rs—vs-t
where the Rs w2re interpolated from the 50 torr EL-vs-RS data as:suming

E =25J. Over 0.6 cm _R-2 cm (0.7 ;. st 10 s) the data accurately follow

_lt2/5

the Rs curve, After 10 = the shock begins to slow to =onic velocity

ard before 0.7 .t the influence of target mass and irradiation azymmetry,
discuszcsed elseuhere7 iz apparent.

The 1-d Lagraigian ruclear fireball camputer code RI\DFLOH was uced to
calculate the shock wave properties. Figure 4 is a comparison of
interpolated interferometric R:-vs-t data from Fig. 3 with computed

R.-ve-t, Also olotted are the emirsion framing camera R_-vs-t from EL=?GJ.

1 torr and 50 torr experiments, a::dl a cingle interferometer point at 1
torr. The computer calculations asrumed an initial shock wave evergy E:'
of 12.3J auwd 2,81 far the shork: 11, 1 torr and 50 torr air respectively.
Trerefore, larer-targel coupling 1t ' 3N% at 1-torr and " 10% at 5N torr,
Lacer-target coupling is les: at S0 torr becauze of the air breakdow: (=zen
Ref. 7) "Cent - " implirs that the calculation was started by depositing
ali the etorgy i the hollow ceiter of the target and "Unif " implier the
calculation wa: ttarted bv depocsiting the energy in the target mane Mt 50

that |-ED/M‘ war coucstant throughout the part of the camputational me:h

representiiig the target.,



Figure 5 compare: calculated peak gas dansity versus time with the
measured p2ak gas deiisity from the int:-~ferometry data for shocks in
50 torr air. Figure 3 also comparec:s e electron density measured at the
center of the shock verrus time with calculations. In both cases,
agreement 1is good.

Figure 6 i=s a comparison of peak-normalized calculated and measured
optical powar versus time. The calculations in Fig. 5 and 6 were perfourmed
with the Cent. £ energy irput. There it a small difference between the
measured and calculated times of paak optical power but there is good
agreement in general between the curve shapes. The decrease inn the optical
power of the 1 torr shock at . 100 ns is caused by dizazsembly of the
target plasma. The power output increase< again as the ex:anding target
material chcoks the szurrounding air., 1In 50 torr air, the target material
shocks tne air quickly and there is no decrease in emission before shock

formation,

TW) DIMENSTONAL {(2-d) EXPERIMENTS

Bared o the 1-d individual shork experimernital results we chose a
separation of 1.9 cm between the two targets far double thock wave
experiments. The 2-d experiments were conducted in 593 torr air., Because
of the v 0,15 cm dizplacemneiit of the shock center: from the targets in
50 torr air, the shock centers were actually ' 2.1 cm apart, Reflectiug
shock wave experiments were conducted using a clear acrylic block as a
refiecting plane suspended above the target at a distance of 0.9 em, The
block paszed the 694,43 pm interferometry light. A s'ight shift in the

fringes within the bl wk wn: detected which war Jaured by density waves in



the block. The density waves were generated by the air shock colliding
with the block surface. The fringe shift was sufficiently small to conclude
that the block behaved like an ideal refelcting surface.

An interferogram of a reflecting shock is shown in the szecond part of
Fig. 7 and a set of shadowgraphs of two 50 torr colliding shocks is shown
in Fig. 9. As a shock collides with a reflecting plane or an idertical
shock and a eritical angle of intersection is reached, the Mach stem forms
(see Fig. 8). The height of the intersection of the Mach =hock wave and
the original shock (knows as the triple point) gradually increases as the
chock expands.

We first compared the reflected lacer tshock wave i the second part of
Fig. 7 to the scaled nuclear thock wave generated by Teapot/Met shown in
the first part of Fig. 7. The scaling laws used to compare the two shocks

areg

D - t” - ES Fn 173 (1
D t E U ’ )

We have uted D to irdicate the discaice from the reflecting plane to the

shoi'k celter, P° i the ambient prescsurc and, as before, E_ is the shorck

-

wave energy. Table I it a ccmparison between parameters describing
Teapot/Met and parameters describiug Lhe laser shock. The laser shock E_
wa: determined by fits to HADFLO and the Taylor-voi Neumann-Sedov law.

17

Note ithe factor of Ux17 ' betweei. the E_ values,

If we take the Teapot/Met values as the primes in Eq. 1 then the
quantity on the right is 1.":10". D ‘/D=1.llx10u and t 7t=1.1x10u. A better

comparisoli would have heen possible if the iunterferogram was exposed at

t=12 js.



The shocks in Fig. 7 were compared by superimposing the shock wave
centers and reflecting planes with a photographic enlarger and tracing the
shock boundaries. The schematic is given in Fig. 8. It appears as
though the nuclear Mach stem is riding up on the precursor which is a
result of fireball heating of the ground. Considering the llx1013 magnitude
difference in the Es ratio, the shocks compare very well.

We next attempted to model the laser shocks with a version of the 2-d
hydrodynamice code YAQUI1) that has previously been used to modei nuclear
cshock wave interactions.1| The YAQUI calculation was begun by picking up
the previously described "Cent ™ RADFLO calculation when the shock radius
reached 0.8 cm. The reszults are shows in Fig. 10, The data in Fig. 10 is
described in Table II. Note that the caiculated Mach stem forms at about
the same time as the laser =shock Mach stem forms in the shadowgraphy
sequence of Fig. 9. Agreement betweenr calculated and measured shock

bouridaries ic very good.



CONCLUSION

The laser shock waves can be used to simulate nuclear shock
interactions when properly scaled. The laser shock properties are readily
calculable using nuclear effects computer codes, Diagnosing the laser
shock simulations is much easier than high explosive shock simulations
because there are no destructive forces., In general, the laser shock wave
simulation technique provides a useful tool for studying strong spherical
shock interactions . More exotic simulationz such as preheat of the
reflecting plane to simulate fireball-ground preheat for investigations of
effects such as precursor formation may also be pnssible.

The technique is limiced. Combinations of high laser power and ambient
pressure lead to more severe air breakdown. The air breakdown limits the

achievable source energy densitiex.
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TABLE

I: COMPARISON OF FIG. 7 SHOCK WAVES3

Teapot/Met Laser 3hock
13
22KT (9.2x10 °J) 2.5J
y
1.22 x 10" com 0.9 cm
700 torr 50 torr
170 ms 15 s

TABLE IT: TWO-D MENSTIONAL SHOCK INFORMATION FNR FIG. 10

Time
{ s)

-

10.0

20.0
20,0

30,0

Energy
N Description

16.9 Shock and reflecting plane

28.8 B-shock of double-shock expri-
ment EL C-beam) = 30,7 J

20.1 Shock and reflecting plane

22.1 Shock and reflecting plane

26.0 B-chock of double-shock experi-
ment EL(C-beam) = 22,4 J

22.1 Shock and reflecting plane

28.3 Shock and reflecting plane

20,1 Sheock and reflecting plane



TABLE IT: TWO-DIMENSIONAL SHOCK INFORMATION FOR FIG. 10

15.0

15.0

20.0

Energy
W)

16.9

28.8

20.1
22.4

20.0

2B.3

24 R

Description

Shock and reflecting plane

B-shock of doudble-cthock expri-
ment EL(C-beam) = 30.7 I

Shock and reflecting plane
Shock end reflecting plane

B=chnrnk of double-shaork experi-
mer t EL(C-beam) = 22,4 J

Shack and reflecting plane
Shock and reflecting plane

Shock aid reflecting plane
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Teapol/Mct event (22 kt, 122 m above the ground) at
t = 170 ms.

S~torr, Eoo= Q0,10 faser shock wave at t = 10 us,

Fip. /7. Comparison of a Iarge-scale, low-alfttude nuelear shock with
a rellected taser shock
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Conmparison of numerically calculated shock boundaries (lonp dashes)
with experimental shock boundaries (short dashes and long-short
dashes). See Table II for descriptions.



